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SIMULTANEOUS ELECTRICITY GENERATION AND 
DECOLORIZATION OF TEXTILE DYES IN SINGLE-CELL AIR-
CATHODE MICROBIAL FUEL CELLS 
SUMMARY 
In textile industry, 10-15 % of the dyes are released as effluents of dyeing processes. 
Dye-contaminated wastewaters cause aesthetic problems, reduce light penetration 
and can harm organisms since they might contain metals, chlorides etc. Conventional 
waste treatment methods, such as absorption and coagulation, are expensive and they 
cause secondary pollution. Thus, biological approaches are more favorable for waste 
treatment.  
Previous studies proved that Microbial Fuel Cells (MFC) can be used for biologic 
treatment of wastewaters. However, performance of MFCs in degradation of various 
dyes was not studied in detail. In this study, five  air-cathode single chamber MFCs 
were constructed to determine the decolorization capability and extent of eight textile 
dyes (Remazol Black RL, Remazol Brilliant Blue BB Gran 133, Remazol Turquoise 
Blue G 133, Reactive Red 195, Reactive Yellow 145, Reactive Black 5, Remazol 
Blue RR, Reactive Blue 222) in the presence of a readily-oxidizable carbon source, 
while monitoring simultaneous electricity generation.  
This study revealed that different textile dyes could be decolorized to various extents 
in the presence of a readily oxidizable carbon source, in MFCs. Decolorization rates 
appeared to be different for each dye. With the addition of high concentrations of 
each dye, a decrease in electricity production was observed, while smaller 
concentrations of dyes could be stimulatory for electricity production. It was also 
shown that the dye decolorization was a continuous process, and repetitive dye 
addition did not affect the performance. These results demonstrated that MFCs could 
be promising candidates of  bioremediation of textile wastes with simultaneous 
power generation. 
   xvi 
   xvii 
TEK-ODALI HAVA-KATOT MİKROBİYAL YAKIT HÜCRELERİNDE 
EŞZAMANLI ELEKTRİK ÜRETİMİ VE TEKSTİL BOYALARININ RENK 
GİDERİMİ 
ÖZET 
Tekstil sanayinde kullanılan boyaların % 10-15’i boyama aşamalarında tekstil atık 
suyuna karışmaktadır. Boya içeren atık sular estetik problemlere yol açmakta, ışık 
emilini azaltmakta ve metal, klorlu bileşikler vs içerirlerse sudaki canlılara zarar 
verebilmektedirler.  En çok kullanılan geleneksel arıtma yöntemlerinden emilme ve 
çöktürme gibi yöntemler pahalı olmakta ve ikincil atıklar üretmektedir. Bu nedenle 
atık işlemede biyolojik yaklaşımlar çok daha elverişlidir. 
Mikrobiyal Yakıt Hücrelerinin biyolojik atık işlemede kullanabileceği daha önceki 
çalışmalarla ispatlanmıştır. Fakat, Mikrobiyal Yakıt Hücrelerinin çeşitli boyaları 
giderme performasyonları detaylı olarak incelenmemiştir. Bu çalışmada; beş adet 
benzer Tek-Odalı hava-katot Mikrobiyal Yakıt Hücresinin, okside olabilen bir 
karbon kaynağı varlığında, sekiz tekstil boyasını (Remazol Black RL, Remazol 
Brilliant Blue BB Gran 133 %, Remazol Turquoise Blue G 133, Reactive Red 195, 
Reactive Yellow 145, Reactive Black 5, Remazol Blue RR, Reactive Blue 222) 
giderme ve eş zamanlı elektrik üretim kapasitesinin gözlenmesi amacıyla 
kurulmuştur.  
Bu çalışma; çeşitli boyaların, okside edilebilir bir karbon kaynağı varlığında 
Mikrabiyal Yakıt Hücrelerinde giderilebileceğini göstermiştir. Renk giderim oranları 
her boya için değişiklik göstermektedir. Elektrik üretiminde, özellikle yüksek 
konsantrasyonlarda boya eklenmesi ile düşüş gözlenirken, daha düşük 
konsantrasyonların uyarıcı etki yapabileceği gözlenmiştir. Ayrıca boya gideriminin 
sürekli bir proses olduğu ve tekrarlı boya eklenmesi deneyinin performansı 
etkilemediği gösterilmiştir. Bu sonuçlar; Mikrobiyal Yakıt Hücrelerinin, tekstil 
atıklarının biyolojik olarak iyileştirilmesinde ümit vadeden bir yöntem olabileceğini 
göstermektedir. 
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1.  INTRODUCTION 
1.1 Textile Industry 
1.1.1 Textile dyes 
History of synthetic dyes began with the invention of first commercially successful 
synthetic dye in 1856 by Henry Perkin. It was reported that there are more than 
100.000 different type and over 7x105 metric tons of dyes are produced to be used in 
textile, paper, food, cosmetics and pharmaceutical industries [Meyer 1981, Zollinger 
1987, Carliell et al. 1995]. Today, the exact numbers on the quantity is unknown. By 
the year 2000, approximately 600 thousand tons of dyes were consumed by India, the 
former USSR, Eastern Europe, China, South Korea and Taiwan [Ishikawa et al., 
2000]. As of 1999, dyestuff market valued 6.6 billion US$, of which, North America 
accounting for 1.2 billion US$, Central and South America for 0.7 billion US$, 
Western Europe for 1.2 billion US$ and Asia for 2.7 billion US$  [Will et al., 2000].  
Notably, 60% of the total dyes produced is consumed by the textile industry [Mohan, 
2001]. In textile industry, dye effluents release in wastewaters after bleaching, 
neutralizing, dyeing, rinsing, washing and softening processes are, on average, 10-
15% of the total dye utilized [Zollinger, 1987]. Amount of the effluent can vary 
according to the type of the dyes, dying procedure and dye-applied material (Table 
1.1). Common textile dyes that are currently in use are Basic Dyes (2-3%), Direct 
dyes (5-20%), Disperse dyes (1-20%), Metal-complex dyes (2-5%), Sulfur dyes (30-
40%), and Reactive dyes (20-50%) [Laing, 1991]. 
There are more than 9000 textile dyes registered in the color index according to 
chemical and application classification [Stolz, 2001]. The textile dyes are expected to 
be resistant against UV-fading and oxidizing agents [McKay et al., 1979]. They are 
also supposed to be stable against biodegradation and they have very low affinity for 
many adsorbents [Reife et al., 1993].  
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Table 1.1: Effluents of different dyes (Modified from O’Neill, 1999) 
Dye application class      Loss to effluent (%) 
Acid 5-20 
Basic 0-5 
Direct 5-30 
Disperse 0-10 
Metal Complex 2-10 
Reactive 10-50 
Sulfur 10-40 
Vat 5-20 
 
1.1.2 Azo dyes 
The most common type of textile dyes are azo dyes. All azo dyes contain azo bonds 
(-N=N-). Azo groups are responsible for the color formation.  Reactive dyes 
constitute 70% of all the azo dyes [Easton J. R., 1995]. These dyes have complex 
structure associated with the aromatic hydrocarbons, making them very stable 
[Carliell et al., 1995]. The azo groups of reactive dyes also have a strong electron-
withdrawal capability that protects the color against oxygenase attacks [Nigam et al., 
1996].  
Main problem of the dye-contaminated wastewater is aesthetic concerns. Many dyes 
are visible at concentrations as low as 1 mg/L [Nigam et al., 2000]. Dye 
concentrations in textile effluents can range between 10-200 mg/L. [Gähr F. et al 
1994, Glover B. et al. 1992, Shelley T. R. 1994, Wilmott et al. 1998, Pierce J. 1994]. 
Reactive dyes are released into the effluents in great quantities since they are 
hydrolyzed during dye processing without complete fixation [Stolz, 2001]. These 
high concentrations of dyes in effluents can reduce light penetration into the waters 
they pollute, which causes depletion in oxygen levels by inhibiting photosynthesis 
and increases in organic load. Some studies showed that dyes with azo linkages can 
also form carcinogenic breakdown products [Chung and Cerniglia, 1992; Shenai, 
1995]. 
Some textile dyes contain metals, and other elements such as chlorine in their 
structures that harm aquatic organisms [Clarke E.A. and Anliker R., 1980; O’Neill et 
al. 1999, Hao et al., 2000]. Therefore, for instance in UK, it was forbidden to release 
  3 
synthetic chemicals into marine environment since September, 1997 [Robinson T. et 
al., 2001]. 
1.1.3 Decolorization of dyes 
As mentioned above, treatment of textile wastewaters has been a major problem for 
the past two centuries. There are various physiochemical methods for dye effluent 
treatment including flocculation, coagulation, adsorption, membrane filtration, 
precipitation, irradiation, ozonation, oxidation and biodegradation [Banat et al., 
1996; Slokar and Le Marechal, 1998; Churchley, 1994; Vandeviere et al., 1998; 
Delee et al., 1998; O’Neill et al., 1999; McMullan et al., 2001; Rai et al., 2005; Van 
der Zee and Villaverde, 2005; Swaminathan et al., 2003; Behnajady et al., 2004; 
Wang et al., 2004; Golab et al., 2005; Lopez-Grimau and Gutierrez, 2005], (Table 
1.2).  
Coagulation and adsorption methods are most preferred by the textile industry. 
However, these methods are inefficient when working with high effluent volumes. 
They also generate excessive amount of sludge which requires additional treatment 
and high chemical usage, creating additional pollution problems. As a result, high 
operational costs are unavoidable for these techniques [Hao et al, 2000; Sokolowska-
Gajda et al., 1996]. Therefore, novel biological treatments that could offer 
ecologically friendlier and cheaper solutions must be employed. 
Table 1.2: Advantages and disadvantages of conventional treatment technologies  
Physical and/or chemical 
methods 
Advantages Disadvantages 
Oxidation Rapid process High energy costs and 
formation of by-products 
Adsorption Good removal of a wide range 
of dyes 
Absorbent requires 
regeneration or disposal 
Membrane technologies Removes all dye types Concentrated sludge 
production 
Coagulation/ﬂocculation Economically feasible High sludge production 
Azo dyes are degraded in two steps: First the azo bond must be cleaved [Wuhrmann 
et al., 1980] and then intermediates must be mineralized. The latter is a particularly 
important step for public health because these intermediates such as benzidine, 2-
naphtylamine and other aromatic amines are known to be toxic [Anliker, 1979]. 
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Dyes are designed to be recalcitrant. However, many microorganisms (filamentous 
fungi, bacteria, yeast and algae) can successfully degrade dyes and mineralize 
intermediates if the environmental conditions are suitable. This process is relatively 
inexpensive, has low operational costs and the end products are not toxic.  
WRF are the best-known microorganisms in biodegradation. Basidiomycetous fungi 
are known to have high capabilities of lignin mineralization. These abilities are 
mainly due to the wide variety of LMEs they secrete. These extracellular LMEs 
possess a wide substrate range, therefore, they can degrade a wide variety of 
xenobiotics [Barr and Aust, 1994; Pointing, 2001; Scheibner et al., 1997] as well as 
various recalcitrant dyes [Glenn and Gold, 1983; Pasti-Grigsby et al., 1992; 
Paszczynski et al., 1992; Spadaro et al., 1992]. Many dyes and simulated textile 
effluents were decolorized by WRF and it was shown that fungi such as Aspergillus 
niger also remove dyes by adsorption. Textile dye effluents are harder to treat in 
comparison to pure dye solutions. In very few studies azo-chromophore containing 
textile effluents were shown to be decolorized by WRF [Knapp and Newby, 1999; 
Wesenberg, 2002].  
Researchers found that some peroxidase-producing bacterial strains (e.g some 
Streptomyces species, gram-negative bacteria such as Sphingomonas 
chlorophenolicus) can degrade textile dyes [Cao et al. 1993; Paszczynski et al. 
1992]. Bacteria can break azo bonds under aerobic, anaerobic (methanogenic) and 
anoxic conditions. For aerobic degradation, bacteria should be exposed to simple azo 
dye compounds for a longer time for adaptation. During the period of adaptation, 
bacteria produce dye-specific reductases. However, anaerobic bacterial reduction is 
not specific to the type of dye. It was shown that under anaerobic conditions many 
textile dyes can be degraded [Delee et al., 1998]. Reactive water soluble dyes are 
also degradable under anaerobic conditions [Carliell et al., 1996]. The only drawback 
of this method is that carcinogenic aromatic amines might be formed as by-products 
of the reaction. These amines can be degraded if a secondary aerobic condition is 
added to the anaerobic process. Panswad and Luangdilok (2000) reported that with 
this integrated technique, bisazo vinylsulphonyl, anthraquinone vinylsulphonyl and 
anthraquinone monochlootriazine reactive dyes could be degraded effectively.  
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It was shown that P. chrysosporium can decompose Orange II, Tropaeolin 0, Congo 
Red, Azure B, Amaranth, New Coccine, Orange G, Tartrazine and Poly R-478 
[Cripps et al., 1990; Chagas and Durrant, 2001; Couto et al., 2000a; Couto et al., 
2000b]. Algae cultures (Chlorella pyrenoidosa, C. vulgaris and Oscillatoria tenuis) 
also have azo reductase activity which degrades azo dyes into aromatic amines [Liu 
and Liu, 1992]. 
Most azo dyes are stable against microbial attacks; consequently, mixed bacterial 
cultures may be more advantageous than pure cultures in textile wastewater 
treatment. Different strains may attack the dye molecule differently, or one strain can 
help the degradation of a semi-decomposed molecule by another strain. Utilizing the 
wide diversity of microorganisms also increase the chances of decolorization of 
different dyes in the same effluent. However, microbial consortia can change during 
the processes which might be considered either as advantageous in terms of possibly 
increased degradation efficiency, or disadvantageous in terms of treatment stability .  
Finally, as another option, usage of pure enzymes can be efficient and risk-free for 
the environment, nevertheless, extraction and separation processes increase 
operational costs which is detrimental for industrial scale applications. Furthermore, 
degradation rate highly depends on pH [Bhunia et al., 2001] which makes the 
process even harder to handle.  
All the problems mentioned above call for new technologies in waste treatment for 
dye effluents, and MFC technology may be considered as one of these in order for 
environmentally benign waste treatment and energy production. 
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Table 1.3: Some of the dye-degrader organisms (Modified from Forgacs et al., 2004) 
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1.2 Microbial Fuel Cells 
1.2.1 Definition and principles of MFC 
MFCs can convert chemical energy into electricity by oxidizing inorganic or organic 
substrates.  
Inorganically fueled devices (Usually metals are used as catalysts): 
H2  Pt/anode  2H+ + 4e– 
½ O2 + 2H+ + 4e–  Pt/cathode  H2O 
(1.1) 
Organically fueled devices (Complex chemicals are used with the help of inorganic 
catalysts):  
CH3OH + H2O  inorganic anode  CO2 + 6H+ + 6e– 
3/2O2 + 6H+ + 6e–  inorganic cathode  3H2O 
(1.2) 
[Bullen et al., 2006]  
The bacterial biofilm that preferentially forms on the anode oxidizes substrates 
anaerobically. Consequently, this reaction generates electrons and protons as by-
products. The electrons, directly or with the help of mediators, transfer externally 
from cell’s respiratory system to the TEA in the cathode where reduction occurs 
while protons transfer internally. This flow of electrons from anode to cathode 
creates a redox potential (Volt) that results in electricity generation (Figure 1.1). 
 
Figure 1.1 : Working principle of a dual-chamber MFC (Logan et al, 2006) 
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1.2.2 Brief history 
The relationship between biology and electricity was first demonstrated in the late 
eighteenth century by Luigi Galvani. He observed the first bioelectrical response in a 
frog’s isolated leg where an electrical stimulus was transmitted through the tissue 
[Galvani, 1791].  
In 1910, first MFC was built by placing platinum electrode into liquid media of yeast 
or Escherichia coli and it was proved that microorganisms could generate and deliver 
electricity [Potter, 1910].   
Inspired by Potter’s idea, Barnett Cohen built a potentiostat-poised half cell and he 
managed to generate 35 V with a batch of fuel cells [Cohen, 1931].  
In late 1950s and 1960s, the need for treatment of organic waste made MFC studies 
popular again. In these years, NASA was searching for an alternative energy source 
for long-haul space travels and this called for new research on MFCs due to its 
potential of both generating electricity and waste disposal [Shukla, 2004; Bullen et 
al., 2006]. However, researchers failed to generate electricity in consistent rates 
[Lewis, 1966; Davis and Yarbrough, 1962; Shukla et al., 2004].  
In 1963, MFCs became commercially available in the markets as an energy source 
for radios, signal lights and other marital appliances [Shukla, 2004]. However, they 
were later replaced by the alternative new energy sources such as solar photovoltaics.   
In 1980s, H. Peter Bennetto made a series of experiments and managed to produce 
electricity by operating pure cultures of bacteria with artificial mediators to aid 
electron transfer [Bennetto et al, 1981; 1983; 1985; Roller et al., 1984; Delaney, 
1984]. Additional studies showed that these MFCs enhanced efficiency of electron 
transfer and reaction rate [Lithgow et al., 1986; Emde et al., 1989; Park and Zeikus, 
2000].  On the other hand, recent studies also demonstrated that some bacteria, 
Geobacter sulfurreducens [Pham et al., 2003; Bond and Lovely, 2003], Geobacter 
metallireducens [Bond et al., 2002; Bond and Lovely, 2003], Shewanella 
putrefaciens [Kim et al., 1999; Kim et al., 2002], Clostridium butyricum [Park et al., 
2001], Rhodoferax ferrireducens [Chaudhuri and Lovley, 2003] and Aeromonas 
hydrophila [Pham et al., 2003], could transfer electrons directly to the electrodes 
without the help of mediators. 
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1.2.3 MFC designs 
MFCs must be designed according to the needs of high power generation and 
columbic efficiency. However, constructional costs must be decreased before 
commercialization.  
The most basic and cheapest MFC design is the H shaped MFC with two-chambers 
that are usually made of two bottles (Figure 1.2 F). These two bottles are connected 
with a tube that contains a separator which is mostly a CEM. This membrane allows 
passage of protons, but not the substrates or bacteria in media. CEM or PEM can be 
made of mostly nafion, ultrex or a salt bridge (Figure 1.2A, 1.2F). However, the salt 
bridge MFC is inefficient in power generation because of the high internal resistance. 
H-shaped MFCs are proper for research experiments that neglect the power 
generation.  In these systems power production may be improved by using additional 
electron acceptors such as ferricyanide. However, ferricyanide alone is not efficient 
for power generation, therefore, modification on other factors such as anode and 
cathode should be considered as well. 
In air-cathode systems, cathode is exposed directly to oxygen, thus, requirement for 
an ion-exchange membrane may be unnecessary (Figure 1.2C, 1.2D, 1.2E). Air-
cathode MFCs allow greater power production due to the use of oxygen as direct 
electron acceptor. This system was first developed in Penn State University [Liu and 
Logan, 2004]. A cubic reactor contained anode and cathode placed on the opposite 
ends. In such a setup, the cathode must be permeable for oxygen, but impermeable 
for liquids, in order to prevent leaks. This is solved by coating cathode surface with 
PTFE. In order to prevent oxygen diffusion to anode that could inhibit anodic 
reaction and reduce Coulombic efficiencies, ion-exchange membranes may still be 
used. 
Although batch systems can produce high electricity, gradual reduction of this level 
is unavoidable due to the source limitations. To overcome the problem, continuous 
systems are developed. In this design, there is an outer cylinder (a cathode) and a 
concentric inner cylinder (an anode) that contains media. Another continuous design 
is an upflow fixed-bed reactor where the media flow through porous anode to the 
cathode chamber (Figure 1.2H).  
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Figure 1.2 : MFC designs (Logan et al., 2006 ) 
Flat plate MFCs aim to reduce internal resistance by decreasing the space between 
electrodes (Figure 1.2I). Nevertheless, it was shown that electrodes spaced too close 
did not significantly improve power generation [Min and Logan, 2004].  
In stacked systems, plates containing the electrodes are placed inside the cell to 
increase electricity generation (Figure 1.2K). However, experiments demonstrated 
that stacked cells exhibited reversal of electricity polarity from time to time 
[Aelterman et al., 2006]. Further studies shown that depletion in carbon source could 
cause these voltage reversals [Oh and Logan, 2007].  
HMFC employ the fermentation reaction to produce H2 gas [Schröder et al., 2003]. 
Normally, hydrogen reactors, that utilize either bacteria or mediators, aim to produce 
hydrogen, not electricity. However, in the design of Schröder and co-workers, 
hydrogen was produced in one container and electricity was generated in another 
container. In anode section, bacteria catalyses the reaction that convert substrate into 
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hydrogen and for the oxidation of H2, to generate electricity, chemical catalysts 
should be added to the anode. The disadvantage of system is inadequate oxidation of 
substrate in the cell. This problem was surpassed with the invention of 
photobiological HMFCs [Rosenbaum et al., 2005]. In this example, Rhodobacter 
sphaeroides was used. This bacterium could convert volatile organic acids (some end 
products of glucose fermentation e.g. acetic acid) to H2. It was reported that 
requirement of sunlight was a limiting factor even though the substrate was utilized 
more efficiently and the power generation was acceptable.   
1.2.4 Applications of MFC 
It is estimated that petroleum reserves will be depleted in approximately 200 years 
and alternative energy sources are needed urgently. MFC technology directly uses 
various carbon sources as fuel; as a result, not only that it produces less waste, but 
also it can bioremediate waste. By complete oxidation of carbohydrates to CO2 and 
water; 16 X106 J/kg (about 5 kWh), of electrical energy is obtained. That equals to 
nearly half of the energy obtained from the same amount of octane.  
Up to now, there are only two commercial MFC applications. In one setup, MFCs 
has been used for starch plant wastewater treatment in a pilot application for over 5 
years [Gil et al., 2003]. In another application, a Shewanella sp. containing MFC was 
used as a BOD sensor to measure BOD in sewage [Kim et al., 2003; Chang et al., 
2005; Moon et al., 2004].  
One of the most promising applications is hydrogen production by HMFCs. In 
HMFCs, electrons derived from bacterial reactions unite with the protons on the 
cathode to produce hydrogen gas instead of electricity. Since the actual intention here 
is to produce hydrogen, these systems are also called BEAMRs or biocatalyzed 
electrolysis systems rather than true MFCs [Heilmann, 2005; Liu et al., 2005a; 
Logan and Grot, 2005; Rozendal and Buisman, 2005; Rozendal et al., 2006]. The 
first hydrogen producing system was developed by Liu et al. [2005b].  It was a 
reactor made of two glass culture bottles separated by a CEM (Nafion). The anode 
was plain carbon cloth and the cathode was made of platinum coated carbon paper 
(0.5 mg Pt/cm2). Up to now, four different BEAMRs were studied. Three of them 
were fueled with acetate and the other one was fueled with wastewater. These 
systems can provide an economical way of hydrogen production since the energy 
need of reaction is supplied by the substrate itself.  
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1.2.5 MFC and dye degradation 
In USA, treatment of more than 126 billion liters of domestic wastewater costs over 
$25 billion annually [WIN, 2001]. Studies demonstrated that MFC systems can be 
fueled with wastewaters, which gives an opportunity for wastewater treatment [Liu et 
al., 2004; Feng et al., 2008; Min and Logan, 2004; He et al., 2005]. Microorganisms 
in MFC can achieve both degrading effluents and producing electricity. Furthermore, 
it was proved that MFC can accomplish the bioremediation of some contaminants 
[Gregory and Lovley, 2005; Lovley, 2006]. With these discoveries, it is very rational 
to assume that MFC can remediate textile wastewaters. It is known that many 
organisms that are found naturally in MFC biota can degrade some of the textile dyes 
[Table 1.4]. Recent discoveries presented the dye-degradation ability of MFCs [Sun, 
J. et al., 2009, Cao et al., 2009; Liu et al., 2009].  
For the first time, Sun et al. (2009) proved the dye decolorization of Active Brilliant 
Red X-3B by using a single-chamber MFC with a microfiltration membrane air-
cathode. This study aimed to resolve the effects of different co-substrates and dye 
concentrations on degradation of Active Brilliant Red X-3B and electricity 
production. It was concluded that decolorization of Active Brilliant Red X-3B was 
higher than conventional anaerobic dye treatment when MFC technology was used. 
Furthermore, dye decolorization was not strongly inhibited with the increased 
concentration of dyes (Figure 1.3), while electricity generation decreased (Figure 
1.4).   
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Table 1.4: Some of the dye-degrader organisms found in MFCs (Modified from 
Forgacs et al., 2004) 
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Figure 1.3 : Decolorization rate of Active brilliant Red X-3B in MFCs (Sun et 
               al., 2009) 
 
 
Figure 1.4 : Electricity generation during increasing dye concentration (Sun et 
al., 2009) 
Liu et al., (2009) demonstrated that the electrons that were captured directly from the 
respiration of Klebsiella pneumoniae strain L17 could be transferred to the dyes, 
degradading methyl orange, Orange I and Orange II via this reduction pathway.  
The study of Cao et al. (2009) focused on the electricity generation from various 
substrates during degradation of Congo red and the further clarification of the 
degradation pathway of this dye by using air-cathode single chamber MFC.  
Even though, the degradation of azo dyes with MFC technology was demonstrated in 
these studies, some important points were yet to be elucidated. Two of the previous 
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work demonstrated the degradation of a single dye while the other study was focused 
on the redox potentials of a few azo dyes in different conditions with pure culture 
inoculated MFCs. There is no comprehensive study that demonstrates the 
comparative degradation of several azo dyes and discusses the microbial 
communities responsible, in using air-cathode single chamber MFCs inoculated with 
activated sludge, while observing the electricity generation, simultaneously. 
Activated sludge has a dynamic structure because of having a wide range of 
microbial diversity. Better understanding this dynamic structure could be very 
beneficial in efficient decolorization of different dyes. 
1.2.6 Aim of the study 
The main purpose of this study is to determine the biodegradation capability of air-
cathode single-chamber MFCs for eight different textile dyes by using sludge 
inoculated air-cathode MFCs at different concentrations and study the effect of dyes 
on electricity production.  
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2.  MATERIAL AND METHODS 
2.1 Construction of Air Cathode MFCs and Monitoring Electricity Production 
Five air-cathode MFCs were constructed from plexiglas, as shown below (Figure 
2.1). Anode and cathode were placed at the opposite edges of the cylindrical 
structure with a total working volume of 12 mL (Figure 2.2). 
 
Figure 2.1 : Five air-cathode MFCs 
 
Figure 2.2 : Structure of MFC 
Anode and cathode were connected via a 1000 Ω resistor to the multimeter data 
acquisition system (Keithley 2700 multimeter, USA) to monitor voltage output every 
45 seconds. Data was stored in the ExceLINX program (Keithley, USA), (Figure 
2.3). 
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Figure 2.3 : Operation of MFCs 
2.2 Anode and cathode preparation 
Carbon (graphite) cloth was used as anode material. Cloth fiber layers of anode were 
coated with PTFE layers. Air-exposed surfaces of the cathode carbon fibers were 
coated with PTFE and carbon powder while inner surfaces of cathode carbon cloth 
were coated with platinum as catalyst and nafion as the binder (According to Cheng 
et al., 2006b).  
2.3 Inoculum and cultivation 
Activated sludge that was kindly provided from an industrial nitrification pool of a 
local yeast production company (PAKMAYA Izmit Plant, Turkey). MFCs 
(excluding MFC 1) were initially inoculated with 6 mL of the activated sludge and 
filled with the company waste that was rich in molasses and their derivatives. In 
contrast with the other MFCs, MFC 1 had been in use for more than 2 years by now, 
and had been inoculated with an activated sludge that was received from an aerobic 
reactor setup of the environmental engineering department of Istanbul Technical 
University. When a stable electricity production was observed, this complex medium 
was replaced with a phosphate-buffered medium containing acetate as carbon source 
for acclimatization of cells.  Acetate containing medium was prepared as follows (per 
liter): Sodium acetate (2 g), NH4Cl (0.31 g), NaH2PO4·H2O (5.84 g), Na2HPO4·7H2O 
(15.47 g), KCl (0.13 g), a mineral solution (12.5mL) and a vitamin solution (12.5mL) 
[Lovley and Phillips, 1988]. (Appendix C) 
After the 24-hour dye decolorization studies, MFC media were replaced by fresh 
ones that did not contain the dyes to standardize the MFCs because of the variation in 
electricity generation.      
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2.4 Dye decolorization studies 
Eight different textile dyes (Remazol Black RL, Remazol Brilliant Blue BB Gran 
133 %, Remazol Turquoise Blue G 133, Reactive Red 195, Reactive Yellow 145, 
Reactive Black 5, Remazol Blue RR, Reactive Blue 222) used for the decolorization 
assays were kindly provided by  Setaş Kimya company (Istanbul, Turkey). Dyes 
were dissolved in distilled water that contains 10 µl of 10 mM NaOH. Dye solutions 
were stirred overnight on a magnetic stirrer. Dye concentrations of 40, 80, 160 and 
320 mg/L (Dye/acetate buffer) were studied for decolorization experiments. 
 
From the beginning of dyes addition, 300 µl of media samples were drawn from each 
MFC (MFC 1, MFC 2, MFC 3, MFC 4 and MFC 5) every 2 hours throughout an 
incubation period of 24 hours. The samples were then centrifuged at 9000 rpm for 5 
minutes to remove the particulate matter (Sigma 1-14 microfuge, Germany). From 
each cell, 200 µl of supernatants were transferred to the 96-well microplates. 
Decolorization of textile dyes was monitored using a microplate spectrophotometer 
(Benchmark Plus Microplate Reader, Bio-Rad, USA). The incubation medium 
without dyes was used as blank for spectrophotometric readings. Electricity 
production was monitored in parallel, using multimeter. 
For repetitive dye application studies, each different dye was added to MFC 1-4 in 
the concentration of 40 mg/L every 24 hours for five days. Every 12 hours, 300 µl of 
media samples were drawn from each MFC (MFC 1, MFC 2, MFC 3 and MFC 4). 
The samples were then centrifuged at 9000 rpm for 5 minutes and 200 µl of 
supernatant samples were transferred to the microplates. Decolorization of textile 
dyes was then monitored as described.  
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3.  RESULTS AND DISCUSSION 
3.1 Decolorization 
In the current study, spectrophotometric data demonstrated that MFCs could 
efficiently decolorize the entire textile dyes in question (Table 3.1). However, while 
all the MFCs were identical and received the same inocula (except for MFC 1), 
decolorization rates of the same dyes were different in each MFC. The highest 
decolorization results were obtained in MFC 1 for almost all of the dyes tested. MFC 
3 was the next best in dye decolorization. The lowest performance was obtained from 
MFC 5. 
The UV–visible absorption spectra revealed that MFCs decolorized 80%, 50%, 85%, 
60%, 75% and 70% of Remazol Black RL, Remazol Turquoise Blue G 133, Reactive 
Yellow 145, Reactive Red 195, Reactive Black 5, Reactive Blue 222 and Remazol 
Blue RR, respectively (Table 3.1). Remazol Brilliant Blue BB G 133 was 
decolorized to the highest extent, with approximately 90%. 
Decolorization rates were usually inversely proportional with the increase in applied 
dye concentrations in the MFCs. However, with Remazol Blue RR and Remazol 
Black 5, increases in dye concentration did not significantly affect decolorization 
rates. 
To the best of our knowledge, dye biodegradation is best accomplished by 
filamentous fungi. These dyes are recalcitrant due to the azo, nitro, and sulfo groups 
they contain [Pagga and Brown, 1986; Kulla et al., 1983; Michaels and Lewis, 1985; 
Shaul et al., 1991].  It was shown that a white rot-fungus, Phanerochaete 
chrysosporium, could efficiently degrade various azo dyes, the triphenylmethane 
dyes and some aromatic pollutants [Bumpus and Aust, 1987; Bumpus and Brock, 
1988; Bumpus et al., 1985; Cripps et al., 1990; Hammel, 1989; Paszczynski and 
Crawford, 1991; Paszczynski et al. 1991]. 
Even though textile dyes are resistant against bacterial degradation, under anaerobic 
conditions many bacteria can mineralize these dyes [Carliell et al., 1996; 
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Chinkewitvanich et al., 2000; Razo-Flores et al., 1997; Bell et al., 2000; Plumb et 
al., 2001; Weber and Adams, 1995; Willetts et al., 2000; Talarposhti et al., 2001; 
Yoo et al., 2001; Isik and Sponza, 2005; Van der Zee and Villaverde, 2005]. A few 
studies showed that especially sulfonated azo dyes may be mineralized under aerobic 
conditions by several bacteria, albeit, low efficiency. Therefore, bacterial degradation 
did not attract much attention [Zimmermann et al. 1982, 1984; Sarnaik and Kanekar, 
1999; Blhmel et al., 1998].  Although the cell design used in the current study was an 
air-cathode model, formation of both aerobic and anaerobic regions in the cells is 
possible. Therefore, both aerobic and anaerobic bacterial dye degradation could have 
taken place. 
Removal of dyes may be accomplished mainly via chemical degradation, adsorption 
onto surfaces and sedimenting in the reactor. Here, no significant sedimentation or 
surface adsorption was detected. This suggests that all the dyes were chemically 
processed by the bacteria. The nature of the degradation was not the focus of the 
current work, and therefore, have not been studied in detail. As one of the most 
important indications of dye degradation is color removal, spectrophotometric 
studies were conducted here. The results showed effective color removal in the 
presence of a carbon source. 
  
  23 
 
3.2 Electricity Production 
The electricity production from acetate in five MFCs (MFC 1-5) was monitored for 
24 hours as one batch. As stated before, electricity production varied among each 
individual MFC. This variation in electricity production could possibly be partly 
explained by the complexity of the mixed bacterial culture and the rapidly changing 
dynamics among the bacterial species until an equilibrium is reached. 
Table 3.1: Decolorization ratio following the treatment in MFCs 
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Figure 3.1 : Electricity production in the five MFCs 
In terms of electricity production from a simple carbon source, MFC 4 was the most 
successful that could generate about 0.6 V. This voltage is one of the highest that was 
gained in similar type of single cell MFCs reported so far. MFC 2 generated the least 
electricity among all of the MFCs, with 0.3 V at maximum (Figure 3.1).  
Power generation curves indicated that there was a decrease in power with respect to 
the depletion of carbon source. It appeared that the microbial consortia in the MFC 3 
provided a more stable and efficient consumption of the carbon source, as the power 
generation continued without drops for 20 hours. Other cells demonstrated slower 
depletion of the carbon source, while providing less power.  
The most successful decolorization results were obtained in MFC 1 in degradation of 
all the dyes tested. The performance of this cell was the best, and this can possibly be 
explained with the fact that this was the cell that had been working for longer time 
than others did, and therefore it was more stable. It was found that for some of the 
dyes examined, degradation efficiency and power generation was related. The level 
of power generation was inversely proportional to the applied dye concentration of 
various dyes (Figure 3.2, Figure 3.3 and Figure 3.4).   
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Figure 3.2 : Energy generation in MFC 1 and decolorization of Brilliant Blue  
 
 
Figure 3.3 : Energy generation in MFC 1 and decolorization of Turquoise Blue 
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No significant decrease was detected in electricity production with the addition of 
higher concentrations of Reactive Yellow 145, Remazol Blue RR, Reactive Black 5 
and Reactive Blue 222 (Figure 3.5, Figure 3.7, Figure 3.8 and Figure 3.9).  
 
Figure 3.4 : Energy generation in MFC 1 and decolorization of Remazol Black RL 
 
 
Figure 3.5 : Energy generation in MFC 1 and decolorization of Reactive Yellow 145 
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At the concentrations of 40 and 80 mg/L of Reactive Red 195, no power generation 
could be detected in MFC 1. This might probably have been caused by an 
experimental error (Figure 3.6).  
 
Figure 3.6 : Energy generation in MFC 1 and decolorization of Reactive Red 195 
 
 
Figure 3.7 : Energy generation in MFC 1 and decolorization of Remazol Blue RR 
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Figure 3.8 : Energy generation in MFC 1 and decolorization of Reactive Black 5 
 
 
Figure 3.9 : Energy generation in MFC 1 and decolorization of Reactive Blue 222 
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Although MFC 2 could achieve decolorization of given textile dyes, there were no 
functional electricity production data that obtained throughout the experiments 
(Figure 3.10, Figure 3.11, Figure 3.12, Figure 3.13, Figure 3.14, Figure 3.15, Figure 
3.16 and Figure 3.17).  
 
Figure 3.10 : Energy generation in MFC 2 and decolorization of Brilliant Blue 
 
 
Figure 3.11 : Energy generation in MFC 2 and decolorization of Turquoise Blue 
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Figure 3.12 : Energy generation in MFC 2 and decolorization of Remazol Black RL 
 
Figure 3.13 : Energy generation in MFC 2 and decolorization of Reactive Yellow 
145 
MFC 3 produced a high and stable power. The power generation lasted longer, and 
continued even after 24-hour incubation. However, with the addition of dyes, 
duration of power generation decreased (Figure. 3.18, Figure 3.19, Figure 3.20, 
Figure 3.21, Figure 3.22, Figure 3.23, Figure 3.24 and Figure 3. 25).  
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Figure 3.14 : Energy generation in MFC 2 and decolorization of Reactive Red 195 
 
 
Figure 3.15 : Energy generation in MFC 2 and decolorization of Remazol Blue RR 
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Figure 3.16 : Energy generation in MFC 2 and decolorization of Reactive Blue 222 
 
 
Figure 3.17 : Energy generation in MFC 2 and decolorization of Reactive Black 5 
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MFC 3 had the most stable electricity production curve with/without addition of 
dyes. 
 
Figure 3.18 : Energy generation in MFC 3 and decolorization of Brilliant Blue 
 
Figure 3.19 : Energy generation in MFC 3 and decolorization of Turquoise Blue 
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Figure 3.20 : Energy generation in MFC 3 and decolorization of Remazol Black RL 
 
 
Figure 3.21 : Energy generation in MFC 3 and decolorization of Reactive Yellow 
145 
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Figure 3.22 : Energy generation in MFC 3 and decolorization of Reactive Red 195 
 
 
Figure 3.23 : Energy generation in MFC 3 and decolorization of Remazol Blue RR 
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For MFC 1, MFC 2, MFC 4 and MFC 5, electricity production curves began 
decreasing at the 12-16th hour,  while this decrease began after the 16th hour in MFC 
3 during the decolorization experiments. However, decrease in electricity production 
was independent from addition of high concentrations of textile dyes.  
 
Figure 3.24 : Energy generation in MFC 3 and decolorization of Reactive Blue 222 
 
 
Figure 3.25 : Energy generation in MFC 3 and decolorization of Reactive Black 5 
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The highest voltage production was monitored in MFC 4 regardless of dye addition. 
The decrease in power generation was earlier and more pronounced in the presence 
of the dyes. (Figure 3.26, Figure 3.27, Figure 3.28, Figure 3.28, Figure 3.29, Figure 
3.30, Figure 3.31,  Figure 3.32 and Figure 3.33).  
 
Figure 3.26 : Energy generation in MFC 4 and decolorization of Brilliant Blue 
 
 
Figure 3.27 : Energy generation in MFC 4 and decolorization of Turquoise Blue 
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Being exposed to the higher concentrations of textile dyes, decrease in electricity 
production became more distinct. This phenomenon was seen in every set of dyes 
except Remazol Black RL. Low concentrations of this dye caused severe decrease in 
electricity generation while high concentrations made a stimulating effect and caused 
a delay in decrease (Figure 3.28).  
 
Figure 3.28 : Energy generation in MFC 4 and decolorization of Remazol Black RL 
 
 
Figure 3.29 : Energy generation in MFC 4 and decolorization of Reactive Yellow 
145 
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Figure 3.30 : Energy generation in MFC 4 and decolorization of Reactive Red 195 
 
 
Figure 3.31 : Energy generation in MFC 4 and decolorization of Remazol Blue RR 
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Figure 3.32 : Energy generation in MFC 4 and decolorization of Reactive Blue 222 
 
 
Figure 3.33 : Energy generation in MFC 4 and decolorization of Reactive Black 5 
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0 2 4 6 8 10 12 14 16 18 20 22 24
El
ec
tr
ic
ity
 G
en
er
at
io
n 
(V
)
Incubation time (hour)
MFC-4
Reactive Blue 222
40 mg/l
80 mg/l
160 mg/l
320 mg/l
0 mg/l
0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0 2 4 6 8 10 12 14 16 18 20 22 24
El
ec
tr
ic
ity
 G
en
er
at
io
n 
(V
)
Incubation time (hour)
MFC-4
Reactive Black 5
40 mg/l
80 mg/l
160 mg/l
320 mg/l
0 mg/l
  41 
The lowest decolorization efficiency was observed in MFC 5. In this reactor, 
electricity generation in the absence of dye was lower than that in the presence of 40 
and 80 mg/L dye, while it was higher than that in the presence of 160 and 320 mg/L 
of dye (Figure 3.34, Figure 3.35, Figure 3.36, Figure 3.38 and Figure 3.39).   
 
Figure 3.34 : Energy generation in MFC 5 and decolorization of Brilliant Blue 
 
 
Figure 3.35 : Energy generation in MFC 5 and decolorization of Turquoise Blue 
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Figure 3.36 : Energy generation in MFC 5 and decolorization of Remazol Black RL 
 
 
Figure 3.37 : Energy generation in MFC 5 and decolorization of Reactive Yellow 
145 
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Figure 3.38 : Energy generation in MFC 5 and decolorization of Reactive Red 195 
 
 
Figure 3.39 : Energy generation in MFC 5 and decolorization of Remazol Blue RR 
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Different from other MFCs, sometimes, electricity production was induced with the 
addition of dyes especially in the low concentrations. According to the type of the 
dye, induction in electricity generation became more distinct (Figure 3.34 and Figure 
3.36) or remained very close (Figure 3.39 and Figure 3.40 ). 
 
Figure 3.40 : Energy generation in MFC 5 and decolorization of Reactive Blue 222 
 
 
Figure 3.41 : Energy generation in MFC 5 and decolorization of Reactive Black 5 
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current study, reason of this phenomenon was not investigated; yet, this might be 
attributed to the capability of some dyes to act as electron shuttling mediators. This 
hypothesis may also offer a solution to the question of why the electricity generation 
lasts shorter. It might be possible that while the dyes help electron transfer, they also 
stimulate the cell growth, consequently, which increases the oxidation rate of the 
carbon source as were stated previously (Chen, 2006; Chen et al., 2009; Chen et al., 
2010).   
According to the current results, it is not yet possible to determine whether or not the 
dyes themselves were used as energy sources in the MFCs. This is also the subject of 
further studies. Ideally, if the waste material, i.e., the dyes in our case, can also be 
consumed in benefit of the organism, the applicability of MFC technology could be 
much greater. 
Although the maximum power production remained similar throughout the 
decolorization assays, higher concentrations of dyes inhibited the power generation, 
and caused significant drops in shorter time periods. These results are also similar to 
the previous studies with decolorization of a textile dye with MFCs [Sun, J. et al., 
2009, Cao et al., 2009]. Yet, with an appropriate dilution, the negative effect of the 
dyes on their own bioremediation and electricity generation may be neglected, when 
designing an industrial setup. The opposite can also be postulated from the results of 
some of our experiments. As could be seen with some dyes, 320 mg/L dye 
application resulted in higher power generation profiles than did 160 mg/L. This 
could be due to the better adaptation/acclimatization of the bacterial community to 
certain dyes, following the consequent dye addition sessions. 
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3.3 Repetitive Dye Application Studies 
In an industrial application, one of the most important concerns is the continuity of 
the process. Therefore, we have applied repetitive batch dye application studies in 
order to monitor the changes in both electricity production and decolorization rates 
(Figure 3.12, 3.13, 3.14, 3.15).  
 
Figure 3.42 : Electricity Generation of MFC 1 and Decolorization of Reactive Red 
195 during Repetitive Dye Addition Experiment 
 
 
Figure 3.43 : Electricity Generation of MFC 2 and Decolorization of Reactive 
Yellow 145 during Repetitive Dye Addition Experiment 
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Figure 3.44 : Electricity Generation of MFC 3 and Decolorization of Reactive Black 
5 during Repetitive Dye Addition Experiment 
 
 
Figure 3.45 : Electricity Generation of MFC 4 and Decolorization of Remazol Blue 
RR during Repetitive Dye Addition Experiment 
Throughout the experiment, dyes were added to MFCs in the concentration of 40 
mg/L in a batch mode and all of these were decolorized to a certain extent. As seen 
in experiments with Remazol Blue RR, there were no significant changes in overall 
electricity generation and decolorization rates for five days. Repetitive dye addition 
of the low concentrations (40 mg/L) of different dyes did not effect the performances 
of different MFCs. Besides, in following batches, no decrease in decolorization 
performance or electricity production was observed. Higher concentrations of dyes 
must be investigated in a similar manner, to observe possible changes in dye 
tolerance of the bacteria in a repetitive batch application.
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4.  CONCLUSION AND FUTURE STUDIES 
To the knowledge, this is the first comprehensive study of biodegradation of various 
textile dyes in air-cathode single chamber MFCs. Electricity production in the 
presence of a readily available carbon source and the dyes were evaluated. 
Previously, dye decolorization using MFCs containing pure bacterial cultures were 
studied, yet, dye decolorization for a single dye was studied in MFCs inoculated with 
mixed cultures. It is therefore very important to evaluate the capabilities of MFCs in 
decolorization of various dyes. Dyes are mostly recalcitrant and highly resistant 
against biodegradation. Mixed-culture containing MFCs with their structure and 
micro-ecosystem, may provide both aerobic and anaerobic degradation environments 
for various chemical and biochemical compounds. Besides, the cooperative action of 
various microbes might enable recalcitrant compounds to be degraded more easily. 
These mixed cultures have a dynamic structure which can easily adapt to the 
changing environment, in this case, to the addition of different textile dyes.  
In such a bioreactor setup, decolorization of varying concentrations of eight azo dyes 
(Remazol Brilliant Blue BB G 133, Remazol Black RL, Remazol Turquoise Blue G 
133, Reactive Yellow 145, Reactive Red 195, Reactive Black 5, Reactive Blue 222 
and Remazol Blue RR) was achieved in air-cathode single chamber MFCs. Each dye 
exhibited different levels of resistance against decolorization, however, even the dyes 
known as most recalcitrant were degraded to a certain extent. In addition to that, 
decolorization and electricity generation performances of MFC remained intact 
during repetitive dye addition studies. These results indicate a stable microbial 
consortia in MFCs which was not effected by being exposed to continuous dye 
addition. The nature of degradation/decolorization has not been studied; however, it 
is clear that the azo bond is destroyed, since color removal was clearly monitored by 
means of spectrophotometry. Optimization studies for color removal should be 
undertaken in order to increase dye removal efficiency.  
This study clearly demonstrated for the first time that the same microbial consortium 
can possibly be utilized for treatment of various textile dye effluents, and electricity 
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generation, although somehow decreased, can still be a simultaneous process along 
with the decolorization. Further work must focus on: 1) the mechanism of 
decolorization, 2) optimization of conditions and 3) studies with real effluents 
instead of pure dye solutions.  
  51 
5.  REFERENCES  
Aelterman  P., Rabaey K., Pham T.H., Boon N. and Verstraete W., 2006, 
Continuous electricity generation  at  high  voltages  and  currents  
using  stacked  microbial  fuel  cells.  Environ.  Sci. Technol. 40,3388-
3394. 
Anliker R., 1979, Ecotoxicology of Dyestuffs- A Joint Effort by Industry, 3, 59-74. 
Banat I.M., Nigam P., Singh D., Marchant R., 1996, Microbial decolorization of 
textile-dye-containing eluents: a review. Bioresource Technology. 58, 
217–227.  
Barr D. P., Aust S. D., 1994, Mechanisms white-rot fungi use to degrade pollutants. 
Environ Sci Technol. 28:A78– 87. 
Behnajady M. A., Modirshahla N., Shokri M., 2004, Photodestruction of Acid 
Orange 7 (AO7) in aqueous solutions by UV/H2O2: inﬂue ce of 
operational parameters. Chemosphere 55 (9), 129–134. 
Bennetto H. P., Delaney G. M., Mason J. R., Roller S. D., Stirling J. L., 
Thurston C. F., 1985, The sucrose fuel cell: Efficient biomass 
conversion using a microbial catalyst. Biotechnol. Lett. 7, 699. 
Bennetto H. P., Dew M. E., Stirling J. L. and Tanaka K., 1981, Rates of reduction 
of phenothiazine redox dyes by E. coli. Chem. Ind. 7, 776–778. 
Bennetto H. P., Stirling J. L., Tanaka K., Vega C. A., 1983, Anodic reactions in 
microbial fuel cells. Biotechnol. Bioeng. 25, 559. 
Bhunia A., Durani S., Wangikar P. P., 2001, Horseradish peroxidase catalyzed 
degradation of industrially important dyes. Biotechnol Bioeng. 
72:562– 7. 
Blhmel S., Contzen M., Lutz M., Stolz A., Knackmuss H. J., 1998, Isolation of a 
bacterial strain with the ability to utilize the sulfonated azo compound 
4-carboxy-4′-sulfo-azobenzene as the sole source of carbon and 
energy. Appl Environ Microbiol. 64:2315–2317 
Bond D. R., Lovely D. R., 2003, Electricity production by Geobacter sulfurreducens 
attached to electrodes. Appl. Environ. Microbiol. 69, 1548-1555. 
Bond D.R.; Holmes D. E., Tender L.M., Lovley D.R., 2002, Electrode-reducing 
microorganisms that harvest energy from marine sediments. Science 
295, 483-485. 
Bullen R. A, Arnot T. C, Lakeman J. B, Walsh F. C., 2006, Biofuel cells and their 
development. Biosens. Bioelectron. 21:2015–45. 
Bumpus  J. A., and Aust, S. D.. 1987. Biodegradation of environmental pollutants 
by the white rot fungus Phanerochaete chrysosporium. Involvement of 
the lignin-degrading system. Bioessays 6:166-170. 
  52 
Bumpus  J. A., and Brock B. J., 1988, Biodegradation of crystal violet by the white 
rot fungus Phanerochaete chrysosponum. Appl. Environ. Microbiol. 
54:1143-1150. 
Bumpus J. A., Tien M., Wright D., and Aust S. D., 1985, Oxidation of persistent 
environmental pollutants by a white rot fungus. Science 228:1434-
1436. 
Cao W., Mahadevan B., Crawford D. L., Crawford R. L.,1993, Characterization 
of an extracellular azo dye-oxidizing peroxidase from Flavobacterium 
sp. ATCC 39723. Enzyme Microb Technol 15:810–817. 
Cao Y., Hu Y., Sun J., Hou B., 2009, Explore various co-substrates for 
simultaneous electricity generation and Congo red degradation in air-
cathode single-chamber microbial fuel cell. Bioelectrochemistry, doi: 
10.1016/j.bioelechem. 12.001 
Carliell C. M., Barclay N., Buckley C. A., 1996, Treatment of exhausted reactive 
dye bath efﬂuent using anaerobic digestion laboratory and full -scale 
trials. Water SA 22, 225–233. 
Carliell C. M., Barclay S. J., Naidoo N., Buckley C. A., Mulholland D. A., 
Senior, E., 1995, Microbial decolorization of a reactive azo dye under 
anaerobic conditions. Water SA 21, 61-69. 
Chagas E. P., Durrant L. R., 2001, Decolorization of azo dyes by Phanerochaete 
chrysosporium and Pleurotus sajor-caju. Enzyme Microb Technol. 
29:473–7. 
Chang I. S., Moon H., Jang J. K., Kim B-H., 2005, Improvement for a microbial 
fuel cell performance as a BOD sensor using respiratory inhibitors. 
Biosensors Bioelectron. 20:1856-1859. 
Chaudhuri S. K., Lovley D. R., 2003, Electricity generation by direct oxidation of 
glucose in mediatorless microbial fuel cells. Nat. Biotechnol. 21, 
1229-1232. 
Chen, B.Y., Yen, C.Y., Chen, W.M., Chang, C.T., Wang, C.T., Hu, Y.C., 2009. 
Exploring threshold operation criteria of biostimulation for azo dye 
decolorization using immobilized cell systems. Bioresour. Technol. 
100, 5763–5770. 
Chen, B.Y., Yen, C.Y., Zhang, M.M., Chang, C.T., Ding, Y., Lin, K.L., Chiou, 
C.S., Hsueh, C.C., Xu, H., 2010. Assesment upon azo dye 
decolorization and bioelectricity generation by Proteus hauseri. 
Bioresource Technology 101, 4737–4741 
Cheng,  S., Liu, H. and Logan, B.E., 2006b,  Increased power generation  in a 
continuous  flow MFC with  advective  flow  through  the  porous  
anode and  reduced  electrode  spacing.  Environ.  Sci. Technol. 
40,2426-2432.  
Chung K-T., Stevens S. E, Cerniglia C. E., 1992, The reduction of azo dyes by the 
intestinal microflora. Crit Rev Microbiol. 18:175–190 
Churchley J. H., 1994, Removal of dyewaste color from sewage efﬂuent — the use 
of a full scale ozone plant. Water Science and Technology. 30, 275–
284. 
  53 
Clarke E. A, Anliker R., 1980, Organic dyes and pigments. Hand-book of 
environmental chemistry, anthropogenic compounds. Part A, vol. 3. 
New York: Springer, 181–215. 
Cohen, B., 1931, The bacterial culture as an electrical half-cell. J. Bacteriol. 21, 18. 
Couto S. R., Rivela I., Munoz M. R., Sanroman A., 2000a, Stimulation of 
lignolytic enzyme production and the ability to decolourise Poly R-
448 in semi-solid-state cultures of Phanerochaete chrysosporium. 
Bioresour. Technol. 74:159– 64. 
Couto S. R., Rivela I., Sanroman A. 2000b, In vivo decolourization of the 
polymeric dye poly R-478 by corncob cultures of Phanerochaete 
chrysosporium. Acta Biotechnol 20:31– 8. 
Cripps C., Bumpus J. A., and Aust S. D., 1990, Biodegradation of azo and 
heterocyclic dyes by Phanerochaete chrysosponum. Appl. Environ. 
Microbiol. 56:1114-1118. 
Davis J. B., Yarbrough H. F., 1962, Preliminary experiments on a microbial fuel 
cell. Science. 137, 615. 
Delee W., O’Niell C., Hawkcs F. R., Pinheiro H. M., 1998, Anaerobic treatment of 
textile efﬂuents: a review. Journal of Chemical Technology and 
Biotechnology. 73, 323–325. 
Easton J. R., 1995. The problem of colour, the dye maker's view. In: Cooper P, 
editor. Colour in dyehouse effluent. Oxford. The Society of Dyers and 
Colourists, Alden Press. 
Emde R., Swain A., Schink B., 1989, Anaerobic oxidation of glycerol by 
Escherichia coli in an amperometric poised-potential culture system. 
Appl. Microbiol. Biotechnol. 32, 170-175. 
Feng Y. J, Wang X., Logan B. E., Lee H., 2008, Brewery wastewater treatment 
using air-cathode microbial fuel cells. Appl Microbiol Biotechnol. 
78:873–880 
Forgacs E., Cserháti T., Oros G., 2004, Removal of synthetic dyes from 
wastewaters: a review. Environment International. 30;953– 971 
Gähr F., Hermanutz F. and Oppermann W., 1994, Ozonation - an important 
technique to comply with new German laws for textile wastewater 
treatment. Wat Sci Tech. 30:255-263. 
Galvani L., 1791, De viribus electricitatis in motu musculari commentarius. De 
bononiensi scientiarum et artium instituto atque academia 
Comentarrii. 7, 363–418. Trans. by M. G. Foley as Luigi Galvani: 
Commentary on the effects of electricity on muscular motion. 
Norwalk, CT: Burndy Library, 1953, pp. 45–88. 
Gil G. C., Chang I. S., Kim, B. H., Kim M., Jang J. K., Park H. S., Kim H. J., 
2003, Operational parameters affecting the performance of a 
mediator-less microbial fuel cell. Biosens. Bioelectron. 18 (4), 327–
334.  
  54 
Glenn J. K., Gold M. H., 1983, Decolorization of several polymeric dyes by the 
lignin-degrading basidiomycete Phanerochaete chrysosporium. Appl 
Environ Microbiol. 45:1741–7. 
Glover B., Smith G., Hill L., 1992, Waste minimisation in the dyehouse, in Book of 
Papers, International Conference and Exhibition October 4-7, Atlanta, 
Georgia, American Association of Textile Chemists and Colorists. pp 
309-317. 
Golab V., Vinder A., Simonic M., 2005, Efﬁciency of the coagulation/ﬂocculation 
method for the treatment of dye bath efﬂuent. Dyes and Pigments 67, 
93–97. 
Gregory, K. B.  and  Lovley, D. R., 2005, Remediation  and  recovery  of uranium  
from contaminated subsurface environments with electrodes. Environ. 
Sci. Technol. 39, 8943-8947. 
Hammel K. E., 1989, Organopollutant degradation by ligninolytic fungi. Enzyme 
Microb. Technol. 11:776-777. 
Hao O. J., Kim H., Chiang P. C., 2000, Decolorization of wastewater. Crit Rev. 
Environ Sci Technol 30(4), 449–505. 
He Z., Minteer S. D., Angenent L. T., 2005, Electricity generation from artificial 
wastewater using an upflow microbial fuel cell. Environ Sci Technol. 
39:5262–5267 
Heilmann, J., 2005, Microbial fuel cells: proteinaceous substrates and hydrogen 
production using domestic wastewater. Department Civil and 
Environmental Engineering, Penn State University, University Park, 
PA. 
Ishikawa Y., Esker T., Leder A., 2000, Chemical economics handbook: dyes. 
Menlo Park (CA): SRI Chemical and Health Business Services. 
Isik M., Sponza D. T., 2005, Effects of alkalinity and co-substrate on the 
performance of an upﬂow anaerobic sludge blanket (UASB) reactor 
through decolorization of Congo Red azo dye. Bioresource 
Technology. 96, 633–643. 
Kim B. H., Chang I. S., Gil G. C., Park H. S., Kim H. J., 2003, Novel BOD 
(biological oxygen demand) sensor using mediator-less microbial fuel 
cell. Biotechnol. Lett. 25 (7), 541–545. 
Kim, B. H.; Park, D. H., Shin, P. K., Chang, I. S., Kim, H. J., 1999, Mediator-less 
biofuel cell. U.S. Patent 5976719. 
Kim, H. J., Park, H. S., Hyun, M. S., Chang, I. S., Kim, M., Kim, B. H., 2002, A 
mediator-less microbial fuel cell using a metal reducing bacterium, 
Shewanella putrefacians. Enzyme Microbiol. Technol. 30, 145-152. 
Knapp J. S., Newby P. S., 1999, The decolourisation of a chemical industry effluent 
by white rot fungi. Water Res. 33:575– 7. 
Kulla H. G., Klausener F., Meyer U., Ludeke B., and Leisinger T., 1983, 
Interference of aromatic sulfo groups in the microbial degradation of 
the azo dyes Orange I and Orange II. Arch. Microbiol. 135:1-7. 
  55 
Laing I. G, 1991, The impact of effluent regulations on the dyeing industry. Rev 
Prog Coloration. 21:56-71. 
Lithgow A. M., Romero L., Sanchez I. C., Souto F. A., Vega C. A., 1986, 
Interception of electron-transport chain in bacteria with hydrophilic 
redox mediators. J. Chem. Res. 5, 178-179. 
Liu H., Cheng  S. and Logan B. E.,  2005a,  Production  of electricity  from  acetate 
or butyrate  in a single chamber microbial  fuel cell. Environ. Sci. 
Technol. 39(2), 658-662. 
Liu H., Grot S. and Logan  B. E., 2005b,  Electrochemically assisted microbial  
production of hydrogen from acetate. Environ. Sci. Technol. 39(11), 
43 17-4320. 
Liu H., Ramnarayanan R. and Logan B. E., 2004, Production of electricity during 
wastewater treatment using a single chamber microbial fuel cell. 
Environ. Sci. Technol. 38, 2281–2285 
Liu J. Q., Liu H. T., 1992, Degradation of azo dyes by algae. Environ. Pollut. 
75:273– 8. 
Liu L., Li F., Feng C., Li X., 2009, Microbial Fuel Cell with an azo-feeding 
cathode, Appl Microbiol Biotechnol. 85:175–183 
Logan  B. E.,  Aelterman  P.,  Hamelers  B.,  Rozendal  R.,  Schroder  U.,  Keller  
J.,  Freguiac  S., Verstraete  W.  and  Rabaey  K.,  2006,  Microbial 
fuel  cells:  methodology  and  technology. Environ. Sci. Technol. 
40(17), 5181-5192. 
Logan B. E. and Grot  S., 2005, A bioelectrochemically  assisted microbial  reactor  
(BEAMR) that generates hydrogen gas. Patent application 
501588,022, Penn State University. 
Logan B. E., 2004, Extracting hydrogen and electricity from renewable resources. 
Environ. Sci. Technol. 38, 160a-167a. 
Logan B. E., Murano C., Scott K., Gray N. D. and Head  I. M., 2005, Electricity 
generation  from cysteine in a microbial fuel cell. Water Res. 39(5), 
942-952.  
Lopez-Grimau V., Gutierrez M. C., 2005, Decolorization of simulated reactive 
dyebath efﬂuents by electrochemical oxidation assisted by UV light. 
Chemosphere. (62), 106-112. 
Lovley D. R., Phillips E. J. P., 1988, Novel mode of microbial energy metabolism: 
Organism carbon oxidation coupled to dissimilatory reduction of iron 
and manganese. Appl. Environ. Microbiol. 54(6), 1472-1480. 
 
McKay, G., 1979, Waste colour removal from textile effluents. Am. Dyes. Rep. 68, 
29-36 
McMullan G, Meehan C, Conneely A, Kirby N, Robinson T, Nigam P, Banat I. 
M, Marchant R., Smyth W. F., 2001, Microbial decolourisation and 
degradation of textile dyes. Appl Microbiol Biotechnol 56:81 – 7. 
Meyer U., 1981, Biodegradation of synthetic organic colorants. In: Leisinger T, 
Cook AM, Hutter R, Nuesch J (eds) Microbial degradation of 
  56 
xenobiotic and recalcitrant compounds. FEMS Symposium 12, 
Academic, London, pp 371–385 
Michaels G. B., and Lewis D. L., 1985, Sorption and toxicity of azo and 
triphenylmethane dyes to aquatic microbial populations. Environ. 
Toxicol. Chem. 4:45-50. 
Min B. and  Logan B. E., 2004,  Continuous  electricity  generation  from  domestic 
wastewater  and organic substrates in a flat plate microbial  fuel cell. 
Environ. Sci. Technol. 38(21), 5809-5814. 
Mohan S. V., Rao N. C., Prasad K. K., Karthikeyan J., 2001, Treatment of 
simulated Reactive Yellow 22 (Azo) dye effluents using Spirogyra 
species. Waste Management. 22(6), 575-582  
Moon H., Chang I. S., Kang K. H., Jang J. K., Kim B. H., 2004, Improving the 
dynamic response of a mediator-less microbial fuel cell as a 
biochemical oxygen demand (BOD) sensor. Biotechnol Lett. 26:1717-
1721. 
Nigam P., Banat I. M., Singh D., Merchant R., 1996, Microbial process for the 
decolourization of textile efﬂuent containing azo, diazo and reactive 
dyes, Process Biochem. 31; 435–442. 
Nigam, P., Armour, G., Banat, I.M., Singh, D., Marchant, R., 2000, Physical 
removal of textile dyes and solid state fermentation of dye-adsorbed 
agricultural residues. Bioresour. Technol. 72, 219-226. 
O’Neill C., Hawkes F. R., Hawkes D. L., Lourenço N. D., Pinheiro H. M., Delée 
W., 1999, Colour in textile efﬂuents —sources, measurement, 
discharge consents and simulation: a review. J Chem Technol 
Biotechnol. 74, 1009–1018. 
Oh S-E. and Logan  B. E.,  2007,  Voltage reversal  during  microbial  fuel  cell  
stack  operation.  J. Power Sour.  167(1), 11-17. 
Pagga U., and Brown D., 1986, The degradation of dyestuffs. Part II. Behaviour of 
dyestuffs in aerobic biodegradation tests. Chemosphere. 15:479-491. 
Panswad T., Luangdilok W., 2000, Decolorization of reactive dyes with different 
molecular structures under different environmental conditions. Water 
Res. 34:4177– 84. 
Park D. H., Zeikus, J. G., 2000, Electricity generation in microbial fuel cells using 
neutral red as an electronophore. Appl. Environ. Microbial. 66(4), 
1292-1297. 
Park H. S., Kim B. H., Kim H. S., Kim H. J., Kim G. T., Kim M., Chang I. S., 
Park Y. K., Chang, H. I., 2001, A novel electrochemically active and 
Fe (III)-reducing bacterium phylogenetically related to Clostridium 
butyricum isolated from a microbial fuel cell. Anaerobe. 7, 297-306. 
Pasti-Grigsby M. B., Paszczynski A., Gosczynski S., Crawford D. L., Crawford 
R. L., 1992, Influence of aromatic substitution patterns on azo dye 
degradability by Streptomyces sp. and Phanerochaete chrysosporium. 
Appl Environ Microbiol. 58:3605– 13. 
  57 
Paszczynski A., and Crawford R. L., 1991, Degradation of azo compounds by 
ligninase from Phanerochaete chrysosporium: involvement of veratryl 
alcohol. Biochem. Biophys. Res. Commun. 178:1056-1063. 
Paszczynski A., Pasti M. B., Goszczynski S., Crawford D. L., and Crawford R. 
L., 1991, New approach to improve degradation of recalcitrant azo 
dyes by Streptomyces spp. and Phanerochaete chrysosporium. Enzyme 
Microb. Technol. 13:378-384. 
Paszczynski A., Pasti-Grigsby M. B., Goszczynski S., Crawford R. L., Crawford 
D. L., 1992, Mineralization of sulfonated azo dyes and sulfanilic acid 
by Phanerochaete chrysosporium and Streptomyces chromofuscus. 
Appl Environ Microbiol. 58:3598–3604 
Pham C. A., Jung S. J., Phung N. T., Lee J., Chang I. S., Kim B. H., Yi H., Chun 
J., 2003, A novel electrochemically active and Fe-(III)-reducing 
bacterium phylogenetically related to Aeromonas hydrophila, isolated 
from a microbial fuel cell. FEMS Microbiol. Lett. 223, 129-134. 
Pierce J., 1994, Colour in textile effluents - the origins of the problem. Journal of 
the Society of Dyers and Colourists. 110:131-133. 
Pointing S. B., 2001, Feasibility of bioremediation by white-rot fungi. Appl 
Microbiol Biotechnol. 57:20 –33. 
Potter M. C., 1910, Proceedings of the Royal Society B, vol. 84, p. 260. 
Rai H., Bhattacharya M., Singh J., Bansal T. K., Vats P., Banerjee U. C., 2005, 
Removal of dyes from the efﬂu nt of textile and dyestuff 
manufacturing industry: a review of emerging techniques with 
reference to biological treatment. Critical Reviews in Environmental 
Science and Technology. 35, 219–238. 
Reife A. 1993, Dyes, environmental. In: Dyes, environmental chemistry. Kirk-
Othmer Encyclopedia of Chemical Technology. 4th ed., vol. 8. John 
Wiley and Sons, New York, p. 753-84. 
Robinson T., McMullan G., Marchant R., Nigam P., 2001, Remediation of dyes in 
textile effluent: a critical review on current treatment technologies 
with a proposed alternative. Bioresource Technology. 77:247–55. 
Roller S. D., Bennetto H. P., Delaney G. M., Mason J. R., Stirling J. L., 
Thurston C. F., 1984, Electron-transfer coupling in microbial fuel-
cells. 2. Performance of fuel-cells containing selected microorganism 
mediator substrate combinations. J. Chem. Tech. Biotechnol. 34B,3. 
Rosenbaum,  M.,  Schroder,  U.  and  Scholz,  F.,  2005,  In  situ  electrooxidation  
of  photobiological hydrogen  in a photobioelectrochemical  fuel cell 
based  on Rhodobacter  sphaeroides. Environ. Sci. Technol. 39(16), 
6328-6333.  
 
Rozendal  R. A.,  Hamelers  H. V. M.,  Euverink  G. J. W.,  Metz  S. J.  and  
Buisman,  C. J. N.,  2006, Principle and perspectives  of  hydrogen  
production  through  biocatalyzed  electrolysis.  Int.  J. Hydrogen 
Energy. 31 (12), 1632-  1640. 
  58 
Rozendal R. A. and Buisman C. J. N.,  2005, Process for producing hydrogen.  
Patent W0200500598 I.  (W02004NL00499 20040709). 
Sarnaik S, Kanekar P., 1999, Biodegradation of methyl violet by Pseudomonas 
mendocina MCM B-402. Appl Microbiol Biotechnol. 52:251–254 
Scheibner K, Hofrichter M, Fritsche W., 1997, Mineralization of 2-amino-4,6-
dinitrotoluene by manganese peroxidase of the white-rot fungus 
Nematoloma frowardii. Biotechnol Lett. 19:835–9. 
Schröder U., Niessen J. and  Scholz  F.,  2003, A generation of microbial fuel cells 
with  current outputs boosted  by more  than  one order of magnitude. 
Angew. Chem.  Int. Ed. 42(25),2880-2883. 
Shaul G. M., Holdsworth T. J., Dempsey C. R. and Dostal K. A., 1991. Fate of 
water soluble azo dyes in the activated sludge process. Chemosphere. 
22:107-119. 
Shelley T. R., 1994, Dye pollution clean-up by synthetic mineral. International 
Dyer. 79:26-31. 
Shenai V.A., 1995, Toxicity of dyes and intermediates. Chemical weekly, Bombay, 
Sevak Publications. 
 Shukla A. K., Suresh P., Berchmans S., Rajendran A., 2004, Biological fuel cells 
and their applications. Curr. Sci. 87, 455. 
Slokar Y.M. & Le Marechal, A. M., 1998, Methods of decolorization of textile 
wastewaters. Dyes and Pigments. 37, 335–356. 
Sokolowska-Gajda J., Freeman H. S., Reife A. 1996, Synthetic dyes based on 
environmental considerations: 2. Iron complexed formazan dyes. Dyes 
Pigm. 30:1–20. 
Spadaro J. T., Gold M. H., Renganathan V., 1992, Degradation of azo dyes by the 
lignin-degrading fungus Phanerochaete chrysosporium. Appl Environ 
Microbiol. 58:2397–401. 
Stolz, A., 2001, Basic and applied aspects in the microbial degradation of azo dyes. 
Appl. Microbiol. Biotechnol. 56, 69–80. 
Sun, J., Hu, Y., Bi, Z., Cao, Y., 2009, Simultaneous decolorization of azo dye and 
bioelectricity generation using a microﬁltration membrane air -cathode 
single-chamber microbial fuel cell. Bioresour. Technol.  
doi:10.1016/j.biortech. 
Swaminathan K., Sandhya S., Sophia A. C., Pachhade K., Subrahmanyam Y. 
V., 2003, Decolorization and degradation of H-acid and other dyes 
using ferrous-hydrogen peroxide system. Chemosphere. 50, 619–625. 
Talarposhti A. M., Donnelly T., Anderson G. K., 2001, Colour removal from a 
simulated dye wastewater using a two phase anaerobic packed bed 
reactor. Water Research. 35, 425–432. 
Van der Zee F. P., Villaverde S., 2005, Combined anaerobic-aerobic treatment of 
azo dyes—a short review of bioreactor studies. Water Research. 39, 
1425–1440. 
  59 
Wang A., Qu J., Liu H., Ge J., 2004, Degradation of azo dye Acid Red 14 in 
aqueous solution by electrokinetic and electooxidation process. 
Chemosphere. 55, 1189–1196. 
Water infrastructure network (WIN). Clean safe water for the 21st century; 2001; 
http://www.amsa-cleanwater.org/advocacy/winreport/ 
winreport2000.pdf. 
Wesenberg D., Buchon F., Agathos S. N. 2002, Degradation of dye-containing 
textile effluent by the agaric white-rot fungus Clitocybula dusenii. 
Biotechnol Lett. 24:989–93. 
Will R., Ishikawa Y., Leder A. 2000, Synthetic dyes, chemical economics 
handbook: synthetic dyes. Menlo Park (CA): SRI Chemical & Health 
Business Services. 
Willetts J. R. M., Ashbolt N. J., Moosbrugger R. E., Aslam M. R., 2000, The use 
of thermophilic anaerobic system for pretreatment of textile dye 
wastewater. Water Science and Technology 42 (5-6),309–316. 
Wilmott N, Guthrie J and Nelson G, 1998, The biotechnology approach to colour 
removal from textile effluent. Journal of the Society of Dyers and 
Colourists. 114:38-41.  
Wuhrmann K., Mechsner K., and Kappeler T., 1980, Investigation on Rate-
Determining Factors in The Microbial Reduction of Azo Dyes, Eur. J. 
Appl. Microbiol. Biotechnol. 9, 325-338. 
Yoo E. S., Libra J., Adrian L., 2001, Mechanism of decolorization of azo dyes in 
an anaerobic mixed culture. Journal of Environment Engineering 
(ASCE). 127, 844–849. 
Zimmermann T., Gasser F., Kulla H. G., Leisinger T., 1984, Comparison of 2 
bacterial azoreductases acquired during adaption to growth on azo 
dyes. Arch Microbiol. 138:37–43 
Zimmermann T., Kulla H. G., Leisinger T., 1982, Properties of purified orange II 
azoreductase, the enzyme initiating azo dye degradation by 
Pseudomonas KF46. Eur J Biochem. 129:197-203 
Zollinger, H., 1987, Color Chemistry-Synthesis, Properties and Application of 
Organic Dyes and Pigment. VCH Publishers, New York, 92-102. 
 

  61 
6.  APPENDICES 
 
 
 
  
    APPENDIX A : Laboratory Equipment 
    APPENDIX B : Chemicals 
    APPENDIX C : Culture Medium  
  62 
APPENDIX A 
 
Laboratory Equipment 
Balance     Presica BJ 610 C 
Computer     QUAKE 
Magnetic Stirrer     Heidolph MR-Hei Standart 
Microfuge     Sigma 1-14 
Microplate     Santa Cruz  
Microplate Reader    Benchmark Plus, Bio-Rad 
Multimeter     KEITHLEY 2700 
pH meter     HANNA Instruments Combo 
Pipettes     Eppendorf  10 ml, 1ml, 300 µl  
Safety Thermostat    Nüve  EN 400 
UPS      GERMEN  
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APPENDIX B  
 
Chemicals  
Ammonium Chloride    CARLO ERBA Reagents 
Na2HPO4.2H2O     Riedel-de  Haën 
NaH2PO4.2H2O     Riedel-de  Haën 
Potassium Chloride      CARLO ERBA Reagents 
Reactive Black 5     Setaş Kimya 
Reactive Red 195     Setaş Kimya 
Reactive Yellow 145     Setaş Kimya 
Remazol Black RL     Dystar 
Remazol Blue RR     Dystar 
Remazol Brilliant Blue BB Gran 133 %  Dystar 
Remazol Turquoise Blue G 133   Dystar 
Reactive Blue 222     Setaş Kimya 
Sodium Acetate Anhydrous   Fluka 
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APPENDIX C 
 
 Culture medium 
 Table C.1 : MFC medium (pH 7.0)  
 
 
Table C.2 : Minerals and vitamins solutions 
 
  65 
7.  CURRICULUM VITAE 
  
 
Candidate’s full name:  Hilal EREN 
Place and date of birth:  Istanbul, 3 April 1985 
Permanent Address:  Istanbul, TURKEY 
Universities and 
Colleges attended:   Çanakkale 18 Mart Üniversitesi, Biyoloji Bölümü
    İstanbul Teknik Üniversite, Moleküler Biyoloji ve 
    Genetik Bölümü 
 
  
  66 
 
